We searched for radio pulsars in 25 of the non-variable, unassociated sources in the Fermi LAT Bright Source List with the Green Bank Telescope at 820 MHz. We report the discovery of three radio and γ-ray millisecond pulsars (MSPs) from a high Galactic latitude subset of these sources. All of the pulsars are in binary systems, which would have made them virtually impossible to detect in blind γ-ray pulsation searches. They seem to be relatively normal, nearby (≤2 kpc) millisecond pulsars. These observations, in combination with the Fermi detection of γ-rays from other known radio MSPs, imply that most, if not all, radio MSPs are efficient γ-ray producers. The γ-ray spectra of the pulsars are power-law in nature with exponential cutoffs at a few GeV, as has been found with most other pulsars. The MSPs have all been detected as X-ray point sources. Their soft X-ray luminosities of ∼10 30−31 erg s −1 are typical of the rare radio MSPs seen in X-rays.
INTRODUCTION
Before the launch of the Fermi Gamma-ray Space Telescope, the only pulsars with definitive detections in γ-rays (using EGRET on CGRO) were young and very energetic (Ė > 10 36 erg s −1 ) or nearby older systems (Ė > 10 34 erg s −1 ) (Thompson 2004) . A possible detection of pulsed γ-rays from the energetic MSP J0218+4232 (Kuiper et al. 2000) , sparked interest in modeling MSP γ-ray emission (e.g. Zhang & Cheng 2003; Harding et al. 2005) , and encouraged one group (Story et al. 2007 ) to predict that many new MSPs might be detected in γ-rays or discovered in radio follow-up of unidentified Fermi sources.
The launch of Fermi and the extraordinary sensitivity of the Large Area Telescope (LAT, Atwood et al. 2009 ), confirmed those predictions of γ-ray-bright MSPs with detections of eight relatively normal radio MSPs using only the first few months of Fermi events (Abdo et al. 2009a) . Those MSPs were detected via the folding of γ-rays modulo the known spin and orbital ephemerides from radio timing campaigns (Smith et al. 2008) .
In order to best utilize radio telescope time to search either for radio counterparts to new γ-ray-selected pulsars or to search blindly for radio pulsations from γ-ray sources that might contain pulsars, we formed the Pulsar Search Consortium (PSC), a group of approximately 20 LAT-team members and/or pulsar experts associated with large radio telescopes around the world. This paper describes one of the PSC's first programs, which used the Green Bank Telescope (GBT) to search 25 unassociated sources from the Fermi LAT Bright Source List (Abdo et al. 2009b ).
OBSERVATIONS AND DATA ANALYSIS
We selected 25 sources from the Fermi LAT Bright Source List that were a) unassociated with known pulsars or active galactic nuclei (AGN) b) unassociated with X-ray counterparts that had been previously deeply searched for radio pulsations (e.g. IC443, Camilo et al., in prep.) 
c) statistically non-variable and d) at declinations >−35
• . We observed each of the sources 23 for approximately 45−50 minutes using the prime focus receiver at the GBT centered at 820 MHz with 200 MHz of bandwidth. The GBT pointings, all taken between July and October 2009, were actually centered on the positions from an internal LAT source list using nine months of sky-survey data prepared in a similar fashion to the Fermi LAT First Source Catalog (i.e. "1FGL", Abdo et al. 2010) . The individual GBT pointings at 820 MHz had FWHM=0.25
• and covered either all or a substantial fraction of the 95% error regions for the vast majority of the sources.
We sampled the summed power from two polarizations in 2048 frequency channels with 8-bits every 61.44 µs using the GUPPI pulsar backend 24 . Each pointing gener-ated approximately 100 GB of data, which were recorded to hard drives for processing off-site. The 820 MHz center frequency was chosen as a compromise between the competing effects of sky temperature (from the Galactic synchrotron background) and beamsize, as well as steep pulsar spectra and the effects of interstellar dispersion and scattering. For a pulsar with a pulse width of ∼10% of the period, the search sensitivity was approximately 0.06 × (29 K + T sky )/(32 K) mJy, where T sky is the contribution at 820 MHz of the Galactic synchrotron background. The majority of the sources (17 of them) were within three degrees of the Galactic plane where T sky ∼ 12 − 40 K, although two were very near the Galactic center with T sky ∼ 100 − 150 K. Eight of the sources were well off the Galactic plane (|b| > 5
• ) and had T sky ∼ 3 − 10 K. For those sources, our search sensitivity was 0.06−0.08 mJy for normal pulsars at all reasonable dispersion measures (DMs) and MSPs up to DM∼100 pc cm −3 . In general, the observations were factors of 2−12 deeper than the best pulsar surveys that have previously covered these regions (e.g. Manchester et al. 2001; Cordes et al. 2006) .
We processed the data, after de-dispersing into ∼9000 DMs over the range 0−1055 pc cm −3 , using both acceleration searches (to improve sensitivity to pulsars in binary systems) and single pulse searches (to provide sensitivity to pulsars with sporadic or giant-pulse-like emission) using standard tools found in PRESTO 25 (Ransom et al. 2002) . No new pulsar-like signals were found in any of the low Galactic latitude (|b| < 5
• ) sources. However, four new MSPs were detected amid the eight high Galactic latitude sources, in 0FGLs J0614.3−3330, J1231.5−1410, J2214.8+3002, and J2302.9+4443. The MSP in 0FGL J2302.9+4443 was detected first in an independent PSC survey by the Nançay telescope and will be reported elsewhere (Cognard et al. in prep.) . The rest of this paper details the properties of the other three MSPs.
The New MSPs
The first two pulsars detected, J2214+3000 and J1231−1411, were undergoing substantial accelerations due to orbital motion during the discovery observations. PSR J0614−3329 was initially uncovered in an unaccelerated search, although orbital motion was detected in the discovery observations via a more precise timing analysis. The fact that all three MSPs were in unknown binaries demanded a radio timing program to determine precise orbital parameters and constrain their astrometric positions before detailed γ-ray timing and analysis could commence.
Each MSP was observed with several different observing setups at the GBT, the Lovell Telescope at Jodrell Bank, and the Nançay radio telescope. The Arecibo telescope also observed PSR J2214+3000 several times. At the GBT, GUPPI was used with bandwidths of 100, 200 and 800 MHz centered at 350, 820, and 1500 MHz respectively. At Jodrell Bank and Nançay, observations were made with bandwidths of 200−300 MHz centered near 1400 MHz. Standard radio timing procedures were used (Lorimer & Kramer 2005 ) and the orbital parameters were fit to high precision with TEMPO2 (Hobbs et al. 2006) .
After several months of radio timing, and using trial X-ray positions based on point sources from Swift, XMM-Newton, and/or Chandra, γ-ray pulsations from each MSP were detected with the LAT using orbitallydemodulated events (see also §2.2). We determined average γ-ray pulse Times of Arrival (TOAs) using the maximum likelihood γ-ray timing techniques described by Ray et al. (2010) after integrating source photons modulo the predicted pulse period for between 22 and 36 days per TOA. The resulting joint timing solutions, using both radio and γ-ray TOAs, as well as the derived physical parameters of the MSPs, are presented in Table 1. The radio and γ-ray pulse profiles are shown in Figure 2 .
The three new pulsars, besides being three of the brightest γ-ray MSPs in the sky, appear to be relatively normal, nearby (≤2 kpc), radio MSPs, with ∼3 ms spin periods, surface magnetic field strengths of (2−3)×10 8 G, and spin-down luminosities of ∼2×10 34 erg s −1 . J0614−3329 and J1231−1411 have orbital periods of 53.6 and 1.9 days respectively, with companions of mass ∼0.2−0.3 M ⊙ , consistent with the orbital period -white dwarf mass relation of Rappaport et al. (1995) . J2214+3000 is a so-called "black-widow" system with a very low-mass companion (∼0.02 M ⊙ ) and likely timing irregularities, similar to pulsars B1957+20 (Fruchter et al. 1988 ), J2051−0827 (Stappers et al. 1996) , and J0610−2100 (Burgay et al. 2006) , and only the fourth such system known in the Galactic disk. While we currently have no evidence for radio eclipses from the pulsar (at least at frequencies ≥1.4 GHz), its formation was likely similar to that of those other systems (e.g. King et al. 2005 ).
γ-ray Analysis
The Fermi LAT is sensitive to γ-rays with energies 0.02−300 GeV (Atwood et al. 2009 ). The Fermi LAT sky-survey data set used here for spectral analysis spans from 2008 August 4 to 2010 February 4. We selected "Pass 6 Diffuse" class events -i.e. events passing the most stringent background rejection cuts -with energies above 0.1 GeV and rejected events with zenith angles > 105
• to limit contamination from γ-rays from the Earth's limb. We used "Pass6 v3" instrument response functions (IRFs).
The γ-ray light curves shown in Figure 1 are constructed from events as described above, although using seven additional months of data through 2010 September 14, and with energy and radius cuts to optimizes the signal to noise for each pulsar. The energy and radius cuts used for PSRs J0614−3329, J1231−1411, and J2214+3000 are (1.0
• , 0.35 GeV), (1.2 • , 0.35 GeV), and (1.0
• , 0.7 GeV), respectively. We derived the γ-ray spectrum of each pulsar using a maximum-likelihood method implemented in the LAT Science Tool gtlike 26 . We analyzed a region of 10
• radius centered on the radio position of each pulsar, and modeled each region by including all sources from the 1FGL (Abdo et al. 2010 ) within 17
• of the pulsar along with Galactic and isotropic diffuse emission (models gll iem v02 and isotropic iem v02, re-26 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/ spectively 27 ). The power-law spectral parameters for all sources within 10
• of the pulsar and a normalizing scale factor for the diffuse emission spectrum were allowed to be free in the fit.
We modeled the spectrum of each MSP using a powerlaw with an exponential cutoff where the three parameters, the differential flux K, the photon index Γ, and the cutoff energy E cutoff , were allowed to vary in the fit. The phase-averaged γ-ray spectra obtained for each pulsar are shown in Figure 2 and the spectral parameters are given in Table 1 . The uncertainty in the LAT effective area is estimated to be ≤5% near 1 GeV, 10% below 0.1 GeV and 20% over 10 GeV. The resulting systematic errors on the three spectral parameters, propagated from the uncertainties on the LAT effective area, were calculated using a set of "modified IRFs" bracketing the nominal (Pass6 v3) one.
We verified the significance of the exponential cutoff in each spectrum with a likelihood ratio test (Mattox et al. 1996) . A simple power-law model is rejected significantly for all three pulsars relative to an exponentially cutoff power-law, as indicated by the test statistic ∆TS cutoff listed in Table 1 for the addition of one free parameter.
The flux points in Figure 2 were obtained by repeating the likelihood analysis in each energy band, assuming a power-law spectrum with a photon index fixed at 2 and a free flux normalization parameter for all sources.
X-ray Analysis
To search for X-ray counterparts, we observed the field of each pulsar with the Swift -XRT (Burrows et al. 2005 ) with exposures ranging from 2.6−15.9 ks. For J0614−3329 and J1231−1411 we detected X-ray point sources at the locations of the pulsars. In the Swift observation of PSR J2214+3000, there is no significant source at the location of the pulsar, however we also obtained a Chandra ACIS-I observation of this region and detected the pulsar with it. A detailed analysis of this Chandra observation will be presented elsewhere.
The X-ray counterparts to the MSPs are soft sources and were fit to black body spectra using XSPEC, fixing the absorption values to zero. The resultant temperatures for the three X-ray sources were in the range ∼0.21−0.25 keV, which in the case of J1231−1411, is consistent with that derived from deeper Suzaku data (Maeda et al. 2010, in prep.) . Allowing for additional Galactic absorption fixed to the values of (3.4 − 5.7) × 10 20 cm −2 from (Kalberla et al. 2005) , we found negligible differences in the fitted parameters. The Swift and Chandra positional localizations, as well as approximate fluxes and luminosities from the black body fits, are in Table 1 .
For PSR J1231−1411 we were able to do more detailed spectral analysis using XMM-Newton. On 2009 July 15 XMM-Newton observed the field of this as-yet unidentified BSL source with all three EPIC instruments. Data from each instrument were analyzed utilizing the Science Analysis System software version 10.0.0 and the calibration update of May 8, 2010. We filtered the data for bad events and excluded times of high particle background, yielding 29.4 ks and 29.5 ks of good time for the EPIC-MOS1 and -MOS2 instruments and 24.1 ks for EPIC-PN. All three instruments utilized Full Frame mode so none had sufficient time resolution to allow searches for X-ray pulsations.
The XMM-Newton X-ray images of the J1231−1411 field reveal a relatively isolated, moderately bright, point source that we name XMMUJ123112−141146 at the best radio position of the pulsar to the accuracy of the EPIC instruments. We generated spectra of this source by extracting events from around the pulsar in 35 ′′ regions for the MOS images and a 25 ′′ region (due to a chip gap) for the PN image. This yielded spectra consisting of 853, 812, and 2164 events from the MOS1, MOS2, and PN cameras, respectively. We group the counts with at least 30 events per spectral bin for the MOS spectra and 45 events per bin for the PN spectra using the FTOOL grppha. Background spectra were extracted from nearby regions 100
′′ and 55 ′′ in radius from the same CCD chips for the MOS and PN instruments, respectively.
Using XSPEC (v12.6.0) we simultaneously fit the MOS1, MOS2, and PN spectra in the energy range 0.4−3.0 keV. An absorbed power-law model is formally acceptable with a reduced χ 2 =0.977 (61 dof) but with an extremely steep photon index of Γ = 4.23
+0.41
−0.38 (90% confidence) and column density of n H = (1.8 +0.6 −0.5 ) × 10 21 cm −2 (90% confidence). Such a column density is significantly higher than that expected for this direction based on galactic surveys (n H = 3.45 × 10 20 cm −2 , Kalberla et al. 2005) . A fit to these data utilizing a model of an absorbed neutron star non-magnetic hydrogen atmosphere (phabs×nsatmos, Heinke et al. 2006) with the neutron star mass and radius held fixed at 1.4M ⊙ and 10 km, and the source distance fixed at the dispersion measure value of 0.4 kpc, yields a reduced χ 2 =1.41 (61 dof). In this model there are significant residuals above 1.5 keV so we add a power-law component with photon index fixed at 1.8 and obtain an improved fit with χ 2 =1.09 (60 dof). This latter fit yields an atmospheric temperature (seen at infinity) T eff = 61 +6 −12 eV (90% confidence), a best fit n H consistent with zero and a 90% confidence upper limit of 5 × 10 20 cm −2 , and flux in the 0.5−3 keV energy band (1.15 ± 0.05) × 10 −13 ergs cm −2 s −1 . In this model the power-law spectral component accounts for roughly 25% of the total flux in the 0.5−3 keV energy band.
CONCLUSIONS
We have identified three new nearby radio MSPs as the counterparts of bright and previously unassociated Fermi LAT sources at high Galactic latitude. Our nondetection of young pulsars or MSPs in the more numerous sources searched at low Galactic latitude is likely due to our only moderate sensitivity improvements (typically 2−3×) over the best surveys of those regions to date (e.g. Manchester et al. 2001) due to higher sky temperatures resulting from our lower observing frequency. Additionally, the complicated and confused nature of the Galactic plane in γ-rays makes the positive identification of point sources difficult. Several of the bright sources may be blends of other sources or the result of insufficient modelling of the Galactic background. Nonetheless, deeper surveys at frequencies of 1.5−2 GHz of these sources may prove more fruitful in the future.
The new pulsars are very typical radio MSPs in terms of spin period, binary parameters, magnetic field strength, spin-down luminosity, and characteristic age, and their unusual brightness in γ-rays is likely due more to their proximity than to especially energetic emission processes in their magnetospheres. The very high implied γ-ray efficiency for PSR J0614−3329 suggests it is likely closer, by up to a factor of 2 or more, than predicted by the NE2001 model (Cordes & Lazio 2002) . The line-of-sight to PSR J0614−3329 is nearly tangent to the Gum Nebula where NE2001 shows an exceptionally steep DM gradient. Additionally, the pulsar's γ-ray emission is likely not isotropic, but only covers tens of percent of the sky. These large efficiencies in general, though, are consistent with the tens of percent values found by Abdo et al. (2009a) for radio MSPs detected in γ-rays and imply that MSPs are very efficient producers of γ-rays.
We do not have proper motion measurements for pulsars J0614−3329 or J1231−1411 and so their measured spin-down rates are contaminated at some level (likely 10%) by the Shklovskii effect (Shklovskii 1970) . There is a statistically significant proper motion measurement of ∼100 mas yr −1 for J1231−1411, though, which implies a Shklovskii effect at 400 pc larger than the measured spin-down rate for the pulsar. If the proper motion is confirmed at this level, the requirement to have the pulsar intrinsically spinning down gives an upper limit for the pulsar's distance of ∼240 pc. Timing observations over the next several years will determine the proper motions and possibly the timing parallaxes for each of the pulsars.
In all three cases we identified X-ray counterparts to the pulsars which substantially aided in the rapid establishment of timing solutions. The three MSPs appear to have fairly typical X-ray properties for radio MSPs (e.g. Bogdanov et al. 2006 ) with primarily soft thermallike spectra and X-ray luminosities in the 10 30−31 erg s
range, approximately 10 −4 to 10 −3 of their γ-ray luminosities.
The radio flux densities of ∼1 mJy near 1 GHz are large enough to make the MSPs potentially useful for a wide variety of timing projects, such as the detection of gravitational waves via long-term pulsar timing (e.g. NANOGrav 28 ), yet they are small enough to explain why earlier large-area surveys for pulsars missed them (e.g. Manchester et al. 1996; Lorimer et al. 2005) . In addition, the fact that many of the nearby radio MSPs are being detected in γ-rays and vice-versa argues that the sizes of the radio and γ-ray beams are comparable for MSPs (likely within a factor of ∼2), and that deep radio and γ-ray surveys may allow us to eventually detect a large percentage of the local population of these sources. In the short-term, the fact that Fermi can point us to nearby radio MSPs is already causing a large increase in the number of known systems, with much less effort than is required by sensitive large-area radio surveys. If most radio MSPs produce γ-rays as these early results seem to indicate, MSPs may contribute to the diffuse isotropic γ-ray background (Faucher-Giguère & Loeb 2010).
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